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> ! ABSTRACT 

V"! ■ We analyse the first publicly released deep field of the UKIDSS Deep eXtragalactic 

KnJ ' Survey (DXS) to identify candidate galaxy over-densities at z <~ 1 across ~1 sq. 

^ • degree in the ELAIS-N1 field. Using / — K,J — K and K — 3.6/im colours we identify 

and spectroscopically follow-up five candidate structures with Gemini/ GMOS and 
confirm they are all true over-densities with between five and nineteen members each. 
Surprisingly, all five structures lie in a narrow redshift range at z = 0.89 ± 0.01, 
although they are spread across 30 Mpc on the sky. We also find a more distant over- 
density at z = 1.09 in one of the spectroscopic survey regions. These five over-dense 
regions lying in a narrow redshift range indicate the presence of a supercluster in 
this field and by comparing with mock cluster catalogs from TV-body simulations we 
discuss the likely properties of this structure. Overall, we show that the properties of 
this supercluster are similar to the well-studied Shapley and Hercules superclusters at 
lower redshift. 

Key words: galaxies: high-redshift, galaxies: clusters 



1 INTRODUCTION 

The structure and evolution of clusters of galaxies and their 
constituent substructures provides a powerful test of our 
understanding of both the growth of large scale structure 
and dark matter in the Universe. In the current hierarchi- 
cal paradigm of structure formation, massive galaxy clusters 



arise from the extreme tail in the distribution of density 
fluctuations, so their number density depends critically on 
cosmological parameters. One of the remarkable successes of 
the A-CDM paradigm is the match to the number density, 
m ass and evolution o f clusters of galaxie s out to z ~ 0.5- 
1 (| Jenkins et al.ll200ll ; lEvrard et al.ll2002l ). However, due to 
the very limited number of clusters known at z <; 1 (where 
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Figure 1. The J — K, I — K and K — 3.6/^m colour-magnitude plots for each cluster. The colour-magnitude diagrams represent a 
1.5arcminute region around each cluster. The dashed lines show the limits used to select candidate cluster members via the red sequence. 
We identify the spectroscopically confirmed z =0.89 cluster members (filled squares), as well as the fore-/background galaxies (filled 
circles). In the DXS4 field we identify separately the members of the higher redshift structure in this field (at z = 1.09). Note also that 
some spectra were taken for objects outside the colour-magnitude limits (marked as dashed boxes) to fully populate the GMOS masks. 



the number density is most sensitive to the assumed cos- 
mology), the full power of the comparisons to theoretical 
simulations has not yet been exploited. 

The paucity of clusters known at z k, 1 stems 
from the limitations of current survey meth ods. For in- 
stance, optical colour-selec tion of clusters (|Couch et al.l 
Il99ll ; iGladders fc Yeejl200fj ). which relies on isolating the 
4000A break in the spectral energy distributions of passive, 
red early-type galaxies (the dominant population in local 
clusters) becomes much less effective at z ^0.7 where this 
feature falls in or beyond the i-band, in a region of declin- 
ing sensitivity of silicon-based detectors. Recent progress 
has been made in identifying clusters using X-ray selec- 
tion with Chandra and XMM-Newt on (|Romer et al.ll200ll ; 
iRosati et aT1l2002l ; iMullis et al.ll2005l ) and th ese studies have 
ident i fied galaxies cluste rs out to z ~ 1.5 (|Stanford et al.l 
2006; iBremer et al.l 120061 ). However, the X-ray gas in these 
clusters appears more compact than for comparable sys- 
tems at lower redshifts and hence there are concerns that 
the accurate comparison of cluster properties with redshift 
required to constrain cosmological parameters could be sub- 
ject to potential systematic effects related to the thermal 
history on the intra-cluster medium. Thus a complimentary 
technique for cluster selection is required. 

One solution to this problem is to extend the efficient 
optical colour-select ion method beyon d z z 0.7 using near- 
infrared detectors (|Hirst et al.l |2006|). This approa c h has 
been impressively demonstrated by IStanford et al] (|2006l ) 
who find a z = 1.45 cluster in the NOAO-DW sur- 
vey selected from optical-near-infrared colours. The com- 
missioning of the new wide-field WFCAM camera on 
UKIRT provides the opportunity to significantly expand 
deep panoramic surveys in the near-infrared. The Deep eX- 
tragalactic Survey (DXS) is a component within the UK 



Infrared Deep Sky Survey (UKIDSS) (|Warren et al.ll2007l ) 
with the aim of imaging an area of 35 square degrees at 
high Galactic latitudes in the J- and AT-band filters to a 
depth Jab=23.2 and Kab=22.7 respectively. The principal 
goals of the DXS include measuring the abundance of galaxy 
clusters at z ~ 1-1.5, measuring galaxy clustering at z ~ 1 
and measuring the evolution of bias. This paper presents the 
first results from a spectroscopic follow-up of five high red- 
shift galaxy cluster candidates ident ified in the DXS Early 
Data Release (EDR; lDve et al.ll2006l ). 

The structure of this paper is as follows. In §2 we de- 
scribe the data on which our analysis is based: a combina- 
tion of optical, near- and mid-infrared imaging with Subaru, 
UKIRT and Spitzer which is used to select cluster candi- 
dates and the follow-up Gemini/GMOS spectroscopy. In §3 
we present an analysis of the cluster properties. We dis- 
cuss these and give our conclusions in §4. Unless otherwise 
stated, we assume a cosmology with f2 m =0.27, A =0.73 and 
_ffo=70kms~ 1 Mpc" 1 . All magnitudes are given in the AB 
system. 



2 OBSERVATIONS AND REDUCTION 

We utilise the UKIDSS- DXS EDR for the ELAIS-N1 re- 
gion which covers a contiguous area of 0.86° x 0.86° cen- 
tred on q = 1611 14.400; S = +54 38 31.20 (J2000). The 
survey data products for this region reach 5-cr point source 
limits of Jab = 22.8-23.0 and Kab = 22.9-23.1. To com- 
plement these observations we exploit deep /-band imaging 
obtained with Suprime-Cam on Subaru Telescope. These ob- 
servations cover the entire ELAIS-N1/DXS field and are 
described in Sato et al. 2007 (in preparation) and reach 
a 5-cr point-source limit of Iab = 26.2. As part of the 
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Spitzer Wide-area Inf raRed Extragalactic (SWIRE) survey 
jLonsdale et alj|2003l ). the ELAIS-N1 region was also im- 
aged in the IRAC (3.6, 4.5, 5.8 and 8.0/im) bands as well 
as at 24^tm with MIPS. These catalogs are described in 
ISurace et all l|2004[ ). 

2.1 Optical-Infrared matching 

In order to efficiently select cluster candidates, accurate 
colours are required for galaxies in the coincident regions of 
the DXS, Subaru and SWIRE The DXS catalogue wa s con- 
structed using SExtractor (Bcr tin fc ArnoutsH l996') with 
a detection threshold of 2a in at least five pixels. Objects 
which lay in the halo or CCD bleed of a bright star were 
also removed before the final catalog was constructed. This 
catalogue was then matched to the optical catalogue, with 
the closest match within 1" being used. During the first 
pass cross-correlation the average offsets between the opti- 
cal and near-infrared catalogues was Aa = 0.33 ± 0.05", 
AS — —0.20 ± 0.04" (i.e. the optical sources were offset to 
the south-east of the near-infr ared sources, wh ich are tied 
to FK5 through 2MASS stars. iDve et alj|2006l ). This sys- 
tematic offset was removed from the optical catalog and the 
cross-correlation recalculated resulting in an rms offset of 
~ 0.1". Since accurate colours were required in order to 
select cluster candidates, we extracted 2" aperture magni- 
tudes from the optical and near-infrared catalogs. In both 
cases, the magnitude zero-points were calculated using 2" 
photometry of (unsaturated) stars in the field. 

The near-infrared and mid-infrared catalogs were cross- 
correlated in exactly the same way as above, with a sys- 
tematic offset between the mid-infrared and near-infrared 
sources of Aa = -0.30 ± 0.05", AS = 0.33 ± 0.04", which 
again was removed before a second pass cross-correlation 
was performed. 

2.2 Cluster Selection 

As this was a pilot study, we choose to identify can- 
didate high-redshift galaxy clusters in three ways. First, 
we searched for the sequence of passive red galaxies in 
high-redshift clusters by selecting galaxies from photomet- 
ric catalogue in the (J — K)—K and (7 — K)-K colour- 
magnitude space. We first identified candidates using slices 
of A(J — K)ab = 0.4 stepped between (J — K)ab = 0- 
2.5. This selection includes a small correction for the tilt 
of the colour- magnitude relation for early type galaxies of 
d(J — K)ab /(IKab = —0.025. Consecutive slices overlapped 
by 0.2 magnitudes to ensure that no sequence was omit- 
ted. Each position in the resulting spatial surface density 
plot for a colour slice was then tested for an over-density 
using consecutively larger apertures from 0.01 to 0.05 de- 
grees (corresponding to approximately 250 kpc to 1 Mpc at 
z = 1). If the over-density in the central aperture was > 3<r 
above the background and the density decreased with in- 
creasing aperture radius then a region was marked as a can- 
didate cluster. A similar procedure was carried out using 
the (/ — K)-K colour-magnitude space to refine the selec- 
tion of cluster candidates. Independently, we identified clus- 
ter candidates by identifying peaks in the surface density in 
Kab — 3.6/im colour space (using an approximate colour cut 
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Figure 2. Example spectra of the cluster members from the 
GMOS spectroscopy. The example spectra cover the range of 
/-band magnitude of the spectroscopic sample (/ ~21. 0—23.5). 
The dashed lines mark the expected position of the emission 
and absorption lines of [Oil] 3727, CaH&K, G-band, H/3 and 
[Oni]4959,5007. The grey region shows the position of the un- 
corrected telluric absorption band. 



of Kab — 3.6/im > 0.3 which should be efficient at selecting 
elliptical at z ~1). Having defined these cluster candidates, 
we checked tha t each of these met the selec tion criterion re- 
cently used by Ivan Breukelen et al. | (|2006h (which is based 
on a projected friends of friends algorithm). Using these 
three selection criteria we identified fifteen candidates, of 
which eight were identified using all three criteria. Five of the 
most promising eight cluster candidates (which showed the 
tightest colour-magnitude sequences and a clear over-density 
of red objects), were then targeted for spectroscopic follow- 
up. In Fig. [T]we show the colour-magnitude diagrams for a 
1.5 arcminute region around each of the over-density peaks 
which were spectroscopically targeted (the dashed boxes in 
Fig.[T]show the colours used to select the cluster candidates). 



2.3 GMOS Spectroscopy 

Spectroscopic follow-up observations of five candidate over- 
dense regions were taken with the Gemini Multi-Object 
Spectrograph (GMOS) on Gemini-North between 2006 May 
23 and June 18 U.T. in queue mode. As our target clusters 
were expected to be at z ~ 1 we placed a strong emphasis 
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as an image store. The sequence of object and background 
exposures can be repeated as often as desired and at the 
end of the sequence, t he CCD is read, incurring a read-noise 
penalty only once fsee lGlazebrook fc Bland-Hawthornll200ll 
for further details of this general approach). For each spec- 
trum, the two spectra block are identified and subtracted to 
achieve Poisson-limited sky subtraction. 

For our observations we micro-step the targets in the 
3.2" long slits by 1.5" every 30 seconds. We used the OG515 
filter in conjunction with the R400 grating and a central 
wavelength of 840 nm which results in a wavelength coverage 
of ~ 580-1100 nm. The spectral resolution in this configura- 
tion is A/AA ~ 1700 and the slit width was 1.0". To counter 
the effects of bad pixels and the CMOS chip gaps, the ob- 
servations were taken with two wavelength configurations, 
each comprising two 2.8-ks exposures at central wavelengths 
of 840 nm and 850 nm respectively. Each of the five masks 
was observed for a total of 3.2 hours in <; 0.7" seeing and 
photometric conditions. In total 134 galaxies are included 
on these five masks and we list the positions and photomet- 
ric properties {UK and the IRAC/MIPS bands) of these in 
Tables 2&3. 

To reduce the data, we first identified charge traps from 
a series of dark exposures taken during the run and used 
these to mask bad pixels. We extract the nod and shuf- 
fle regions from the data frames and then mosaiced the 
three CMOS CCDs. The frames were then flat-fielded, rec- 
tified, cleaned and wavelength calibrated using a sequence 
of Python routines (Kelson, priv. com.). The final two- 
dimensional mosaic was generated by aligning and median 
combining the reduced two-dimensional spectra using a me- 
dian with a 3-<t clip to remove any remaining cosmic rays or 
defects. For flux calibration, observations of BD+28d4211 
were taken, however, no tellurics were taken and so we have 
not attempted to correct for the A-band absorption at 7600A 
although this is unimportant for deriving redshifts in any 
of our spectra. While flux-calibration and response correc- 
tion are not necessary for redshift determination via cross- 
correlation, we perform these steps in order to present the 
spectra in Fig. [5] 
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Figure 3. Top: The total redshift distribution for the five re- 
gions targeted in our spectroscopic follow-up. This clearly shows 
the strong overdensity in these regions at z = 0.9. Middle: The 
redshift histograms for each individual cluster with the mean and 
1-a scatter overplotted (using the method described in §3.2). The 
Bottom panel shows the redshift distribution for the whole sam- 
ple on the same velocity scale. For reference the bin size in the 
lower panels is 1000 km s -1 (in the rest frame of the cluster). 



on good sky subtraction, to identify weak features in the 
presence of strong and structured sky emission. 

For this reason we employed the Nod & Shuffle mode 
of CMOS. In Nod & Shuffle, the object and background re- 
gions are observed alternately through the same regions of 
the CCD by nodding the telescope. In between each obser- 
vation the charge is shuffled on the CCD by a number of 
rows corresponding to the the centre-to-centre spacing into 
which each slit is divided. Each alternate block is masked 
off so that it receives no light from the sky but acts simply 



3 ANALYSIS 

3.1 Redshift determination and velocity 
dispersions 

For redshift determination we first attempt to identify 
strong emission or absorption features in the spectra includ- 
ing [Oll]A3726. 2,3728.9 emission, the 4000A break, Ca H&K 
absorption at A3933.44,3969.17 or the G-band at A4304.4. 
From the sample of 134 galaxies with spectroscopic observa- 
tions, 111 yielded secure redshifts, with only 23 unidentifi- 
able, giving a 85% success rate. As expected for absorption- 
line spectroscopy, the non-detections can in large part be at- 
tributed to optical faintness: the median Iab magnitude of 
the 111 galaxies with secure redshifts is 22.15±0.2, whereas 
for the galaxies without redshifts the median magnitude was 
Iab = 22.65±0.4. The measured redshifts for all sources are 
listed in Tables 2&3. 

Having identified an approximate redshift for a galaxy 
we compute a robust velocity by cross-correlating each the 
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Table 1. 

Properties of the Cluster Candidates 



Cluster 


R.A. 


Dec. 


H-slits 


He/ 


z 


cr 


cr' 




(J2000) 










(kms -1 ) 


(kms" 1 ) 


DXS1 


16 08 27.0 


+54 35 47 


26 


5 


0.8800[19] 


1030 ± 270 


640+330 


DXS2 


16 08 26.9 


+54 4512 


25 


9 


0.8960[19] 


700 ± 230 


440+170 


DXS3 


16 09 05.7 


+54 57 23 


29 


17 


0.8970[14] 


730 ± 220 


570+160 


DXS4a 


1613 01.7 


+54 46 06 




5 


0.8800[12] 


660 ± 180 


470+230 


DXS4b 






25 


8 


1.0918[14] 


1200 ± 340 




DXS5 


1610 43.6 


+55 0135 


29 


12 


0.8920[20] 


1000 ± 290 


550+240 



Table 1. Names, central positions and properties of the spectroscopic sample. n s ut s and n c ; denote the number of spectroscopic slits 
on the mask and the number of confirmed cluster member respectively, a is the velocity dispersion of the spectroscopic sample and cr' is 
the velocity dispersion after removal of substructure. The values in the [] denote the errors in the last decimal place. 



spectrum with an elliptical galaxy template spectrum. For 
the template we use solar met allicity, 1 Gyr burst model s 
with ages of 3,5 or 7 Gyr from iBruzual fc Charlotl (|2003T) . 
The errors on the redshifts are determined from the shape of 
the cross-correlation peak and the noise associated with the 
spectrum and are typically in the range 30-150 kms -1 . We 
present typical example spectra from each of the masks in 
Fig.[2]and report the errors on the redshifts of the individual 
candidate cluster members in Table 2. 

Figure [3] shows the redshift distribution for all galaxies 
in our sample. We see that the vast majority of the spec- 
troscopic sources lie in a narrow redshift range at z ~ 0.9. 
This indicates that most of the galaxies we have selected 
lie within the overdense regions we targeted and that these 
structures themselves appear to form a coherent structure 
across the whole survey region. 

To calculate the membership of the structure in each 
field, we h a ve fo llowed the iterative method used by 
iLubin et al l (|2002l ). Initially we estimated the central red- 
shift for the overdensity, and select all other galaxies 
with Az < ±0.06 in redshift space. We then calculated 
the bi-weight mea n and scale of the velocity distribution 
l|Beers et al.lll990h which correspond to the central velocity 
location, v c , and dispersion, a v of the cluster. We used this 
to calculate the relative radial velocities in the restframe: 
Av = c(z — z c )/(l + z c ). The original distribution was re- 
vised, and any galaxy that lies > 3a v away from v c , or has 
|Av| > 3500 km s -1 was rejected from the sample and the 
statistics were re-calculated. The final solution is achieved 
when no more galaxies are removed by the iterative rejec- 
tion. The results are presented in Table 1, with 1-cr errors on 
the cluster redshift and dispersion corresponding from 10 3 
bootstrap re-samples. We plot the redshift histograms for 
the structures in each field in Figure [3] along with a Gaus- 
sian curve showing the measured mean redshift and velocity 
dispersion. 

The most striking result from these histograms is the 
discovery that all five structures lie within 3000 kms -1 of 
each other even though they are spread across nearly a de- 
gree on the sky (approximately 30Mpc in projection). This 
strongly suggests that this field intercepts a "supercluster" 
like structure at z = 0.9 - we discuss the posterior likeli- 
hood of this in Sj4] and next discuss the the properties of the 
individual structures. 



3.2 Searching for Substructures 

We list the centres of the structures identified from our dy- 
namical analysis in Table 1, along with the number of mem- 
bers, the mean redshift and the estimate of the velocity dis- 
persion for each structure. Since the central positions and 
redshifts of the clusters are not well constrained we define 
the central velocity as the median redshift in the cluster 
and determine the centre of the cluster from the peak in the 
cluster surface density plot (Fig. [4j . The uncertainties on the 
velocity dispersions are derived from bootstrap resampling 
the observed sample of members. Measuring the velocity dis- 
persions from clusters with ~10 members is particularly dif- 
ficult, and in the rest-frame, the cluster velocity dispersions 
are unusually high (~1000kms _1 ). We derive more secure 
velocity dispersions by first investigating how relaxed each of 
the structures are, and construct posit ion-velocity diagrams 
(simi lar to Dressler-Shectman plots; iDressler fc Shectmanl 
1988). In Figure |4]we mark the positions of all of the galax- 
ies for which a radial velocity measurement was obtained 
(we note that the flat distribution of galaxies in this plot re- 
flect the spatial sampling by GMOS). Together with Fig. [3] 
this shows that the only structure with a discernible non- 
gaussian velocity distribution is DXS5, where four galaxies 
form a higher velocity substructure. As noted above, unfor- 
tunately, the small numbers of members in each structure 
compromise the conclusions we can draw from this analy- 
sis. However, we can attempt to derive average velocity dis- 
persions from the whole sample. We de-redshift and stack 
the five clusters (according to their central redshifts) and 
measure a velocity dispersion of 900+200 km s _1 which may 
remain artificially high due to substructure. In order to bet- 
ter define the cluster membership via a simple method we 
use both the velocity and spatial informat ion. This tech- 
nique was first used in the CNO C surveys (Carlbcr g et alj 
1996|) an d is described in detail in ICarlberg et al.1 (I1997T I and 
briefly described here. Firstly, the mean redshift of the clus- 
ter is normalised to the observed velocity dispersion (<r z ). 
This is plotted against the projected radius away from the 
ce nter of the clust e r in u nits of r2oo (Fig. [5j . The mass model 
of ICarlberg eTaT] (|l997t ) can then be used to mark the 3a 
and 6cr limits which are used to differentiate between cluster 
members and near-field galaxies (or galaxies which reside in 
filaments/structures surrounding the clusters). In this anal- 
ysis r2oo is calculated under the assumption that a cluster 
is a single isothermal sphere and is defined to be the clus- 
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Figure 4. Panel A: Colour-selected surface density map of the ELAIS-N1 region based on the I — K, J — K and K-3.6fim colours 
used to select galaxy clusters (the cluster candidate selection is described in §2). The image is smoothed with a Gaussian kernel with a 
FWHM of 60" (420 kpc at z = 0.9). The large open circles represent the cluster candidate colour selection using J — K (large circles) 
and if-3.6/im (slightly smaller) colours. The dashed square box in the bottom right hand corner shows the size of the GMOS field of 
view. For the five regions targeted in our GMOS observations we mark the individual galaxies which are known to be members and in 
addition we plot those galaxies from the literature which lie between z = 0.870 and z = 0.915. The cluster candidates marked A-D have 
colour-magnitude sequences consistent with the z=0.89 supercluster. It is clear that the supercluster potentially spans the whole field 
(the most prominent region is at 16:10:09, 54:25:00) and beyond. Panels DXS1-5: The spatial distribution of the galaxies within in each 
of the five over-dense regions selected for spectroscopic study. We plot the positions of all of the galaxies which meet our colour-selection 
(see §2.2) and we identify those which are spectroscopically confirmed as cluster members or non-members. For the members, the sizes 
and colours of the symbols denote the rest-frame velocity offset with respect to the cluster redshift given in Table 1 (on a velocity scale 
from —2000 to +2000 kms -1 ). In addition, in the DXS4 field we identify the members of the background z = 1.09 structure. 



tocentric radii at which the mean density interior is 200 x 
the critical density at the redshift of the cluster. We calcu- 
late r2oo as T2oo = V3a z /WH(z ). where H(z) i s defin ed by 
H(z) = Hi(l + z) 2 (l + n z) (see lCarlberg et all (|l997f ) for a 
detailed discussion). Restricting our analysis to the galaxies 
which lie within the 3cr limits we recalculate the velocity dis- 
persion for the clusters as an ensemble and derive a velocity 
dispersion of 540+100 km s" 1 . 



Given the limited number of cluster members, it is not 
practical to establish accurate limits on the fraction of ve- 
locity substructures. However, using the analogy with the 
Shapley supercluster which has several multi-component ve- 
locity clusters (e.g. A 1736 and A 3528), we can state that 
the observed fraction of 20% in the five DXS clusters is con- 
sistent with other superclusters at low redshift (although 
this clearly suffers from small number statistics). 



3.3 Spectral Classification 



To investigate the spectral properties of the cluster galax- 
ies, we spectroscopically classify the galaxies in our sa mple 
according to the classification of iDressler et al.l l|l999l ). We 
find an average spectral mix of: k, 29 ± 7% (17 ± 4); k+a: 
24 ± 8% (14 ± 5); e(a): 17 ± 3% (10 ± 2); e(c): 28 ± 7% 
(16 ±4); e(b): 2±2% (1±1). The structure in DXS3 (and to 
a lesser extent DXS5) show excess numbers of active galax- 
ies (e(c) and e(a)) compared to the other fields, but these 
are only marginally significant. These spectral mixes are 
similar to previous spectroscopic stu dies of similarly high - 
redshift galaxy cluster members (e.g. |j0rgensen et al-lfeoorj ) 
as well as that seen in local (z ~ 0.1) galaxy clusters (e.g. 
iPimbblet et all I2006T I which have found that the mix of k 
and k+a galaxies make up 50-70% of the population whilst 
star-forming galaxies contribute ~20% with the remaining 
having properties consistent with e(a) galaxies. The most 
significant difference is that the DXS clusters have up to 
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20% of galaxies with e(a) signatures, which is slightly higher 
than local clusters or other high-redshift clusters. 

We note that there is also a large dispersion in the frac- 
tion of [On] detections in the cluster members of each of the 
six clusters. In total there are 56 cluster members, of which 
27 have significant [On] emission (48 ± 9% with an equiv- 
alent width above 3A) w hich is comparab l e to that found 
in sim ilar z > 0.6 clusters (|Finn et al.ll2005l ; IPoggianti et al.l 
2006). However, this global fraction hides a wide range in 
the fraction from cluster to cluster (between 20 and 75% 
for DXS4 to DXS3 respectively). While the median I - K 
colour of members with or without [On] are indistinguish- 
able (both I ~ K — 2.41 ± 0.28), this may be due to the fact 
that the /-band data cover rest-frame emission redward of 
the 4000A break. 

In terms of the 24pm detections, we note that of the 
six galaxies which have 24pm counterparts in the clus- 
ters, two have spectral properties consistent with passive 
galaxies (k+a), three are strongly star-forming (with strong 
[On], H/3 and [Oiii] emission lines) and one galaxy (DXS4- 
11) shows high excitation lines (such as [Nev]3346,3426 
and [Nelll]3343,3868.7) which unambiguously identifies this 
source as a highly-obscured AGN. 



4 DISCUSSION 

The most striking result from our survey is the discovery 
of five clusters at z=0.89 across 30 Mpc in projection. The 
velocity dispersions and physical sizes of each of these indi- 
vidual clusters bear a number of similarities to (well studied) 
local superclusters, and therefore lead us to interpret the re- 
sults in the context of a "super-cluster" at 2=0.89. 



4.1 How much of the supercluster have we 
identified? 

To investigate how much of the supercluster remains uniden- 
tified (since only the first five cluster candidates we spectro- 
scopically targetted), we colour cut the ELAIS-N1 catalog 
and construct a surface density plot to look for other po- 
tential supercluster members. Using the colour cuts K = 
18.8-21.3; (J — K) = 0.7-1.35; (J - K) = 1.95-2.95 and 
K — 3.6pm> 0.3; (see Fig. [TJ we construct a colour-selected 
density map of the ELAIS-N1 region and present the results 
in Figure 21 We also overlay the spectroscopically identi- 
fied cluster members from DXS1-5 and objects from pre- 
vious studies that h ave spectroscopically identified z ^0.90 
galaxies in this field l|Scott et al.l l2000; Cha pman et al 1120021 ; 
iManners et~"al"1l2003l ). 

This surface density map identifies all the candidate 
clusters we selected. Of the seven cluster candidates we did 
not observe, four (marked A-D in Fig. 2} have colour se- 
quences consistent with a cluster at z = 0.90 (the other can- 
didates have colour-magnitude sequences which are likely 
lower redshift). We also note that since all five supercluster 
members are close to the edge of the WFCAM field, we may 
have only partially sampled the full supercluster. Although 
we currently do not have the near-infrared imaging outside 
the 0.8 x 0.8 degree field to efficiently select other superclus- 
ter candidates we estimate that we may have missed up to 
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Figure 5. The cluster membership technique of Carlberg, Elling- 
son & Yee (1997) applied to our cluster sample. The solid curve 
denotes the 3<r contour of the mass model; the dashed curve is the 
6<T contour. The filled symbols denote galaxies which lie within 
the 3<t contours whilst the open symbols denote galaxies which 
lie outside the 3cr contours. This test shows that significant sub- 
structure is evident in DXS5, with outliers also evident in DXS1, 
2 & 3. Restricting our analysis to the galaxies within the central 
3cr limits we derive velocity dispersions for the whole sample of 
S^ilOOkms- 1 . 



50% of the full structure. Therefore, there are potentially be- 
tween 7 and 18 rich clusters in the supercluster on a scale of 
50-60 Mpc. This is consistent with local superclusters such 
as Shapley and Hercules (which have seven and nine Abell 
class two or above clusters in a r edshift range equivalent t o 
4000 knis^ 1 across ~60Mpc; e.g. iBarmbv fc Huchralll998l ). 
Thus, the observations presented here highlight the need to 
study fields on scales of several degrees to best characterise 
such large structures even at z ~ 1. 



4.2 How rare are superclusters? 

The discovery of a massive supercluster in the first DXS 
survey field of nearly fifty is surprising given their low space 
density below 2=0.1. Cluster surveys at higher redshift have 
also identified superclusters similar to the structure pre - 
sented here (e.g. CI 1604+4321 2 = 0.90. iGal fc Lubinll2004D 
and quasar surveys have revealed massive overdensities at 
still higher redshift l|Graham fc Devi 1 19961 ). Therefore, this 
system is not unique but it is important to estimate how 
likely it is that we should have identified one in the first 
UKIDSS-DXS field. 

Using the statistics from iTullvl (|l98rj , 1 19881 ) for the lo- 
cal space density of superclusters, we estimate that there 
are five superclusters over the high galactic latitude sky 
within 2 = 0.1. This corresponds to one supercluster per 
0.04 Gpc 3 . The total volume sampled in the complete DXS 
survey between redshifts 0.7 to 1.4 (the farthest we can 
efficiently select galaxy clusters from the DXS and reli- 
ably recover redshifts for from optical spectroscopy) will be 
0.27 Gpc 3 (comoving). Scaling from the local space density 
of superclusters, we expect a total of seven superclusters in 
the complete DXS survey. To find one such system in the 
first field from the DXS is fortunate (~15% probability) but 
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not so unlikely for us to question the validity of our inter- 
pretation of this system as a rich supercluster. 

To estimate the potential masses of this structure and 
the clusters within it, we compare the observed space den- 
sity of clusters in the ELAIS-N1 region to the predic- 
tions of the expected space density of dark ma tt er ha - 
los from the iV-body simulations of iReed et al.l (|2005h . 
Within the survey volu me covered by this DXS field, the 
halo mass functions from IReed et al.l |2005h suggest that at 
z=0.9 there should be ~60, 25, 2 and 0.05 halos of mass 
log(M/ M Q ) = 13,13.5,14.0 and 15.0 respectively within our 
survey volume of 3xl0 6 Mpc 3 . Thus, the number density of 
massive halos found in the region we have surveyed is con- 
sistent with halos of mass ~10 13 ' 5 " 14 M Q . 

However, these estimates disregard clustering of clus- 
ters and so we also explo it the Hubble Volume cluster cat- 
alog l|Evrard et al.l 12002) which uses giga-particle iV-body 
simulations to study galaxy cluster populations in CDM 
simulations out to z =1.4. We exploit the NO sky survey 
catalog of the ACDM cluster simulation which covers a red- 
shift from 2 =0 to 2 =1.5 in a solid angle of 7r/2 steradians. 
We randomly sample this catalog in volumes comparable to 
the DXS ELAIS-N1 survey, and find that the probability 
of finding five clusters with velocity dispersions ^450 kms -1 
between z =0.7 and z =1.4 is ~75%. However, the chance of 
all five clusters lying within a 2000 km s~ slice is only ~20%. 
When this criterion is met, we note that median mass of each 
cluster is ~ ]_q13.s-i4.o (crudely suggesting a total mass 
for five clusters > 10 14 ' 7 M ). 



5 CONCLUSIONS 

We present the results of the first spectroscopic follow-up of 
candidate high-redshift clusters selected from the UKIDSS 
DXS. This pilot programme was designed to test the feasi- 
bility of identifying high-redshift (2=0.8-1.4) galaxy clusters 
in the first DXS survey field through an extension of the red- 
sequenc e method which efficie ntly selects galaxy clusters at 
2 £0.7 l|Gladders fc Yeel boOOV The main results are sum- 
marised as follows: 

(i) Using (J — K), (I — K) and (K-3. 6/im) colours we 
extend the ef ficient red-sequen c e clus ter detection method 
developed by Idadders fc Yeel (|2000h and identify fifteen 
cluster candidates in the 0.8 square degree DXS ELAIS- 
Nl field. Five cluster candidates were targetted with CMOS 
spectroscopy, all of which yielded significant overdensities 
between 2=0.88 and 2=1.1 with between five and nineteen 
members. The 100% success rate of this cluster search con- 
firms that the colour selection is efficient at selecting the 
highest redshift galaxy clusters. 

(ii) The most striking result from our observations is that 
five of the six galaxy clusters lie within 3000 km s" 1 of each 
other across 30 Mpc in projection. This overdensity is most 
naturally explained by the presence of a supercluster at 
2=0.9 (at least part of) which our observations intersect. 

(iii) The clusters have velocity dispersions of between 600 
and 1200 kms -1 , although by removing substructures, we 
derive velocity dispersions of 540±100kms~ 1 (consistent 
with individual halos of mass ~ io 13 - 5 " 140 M Q ). 

(iv) We find that the mix of k and k + a galaxies make 
up 50-70% of the population, whilst star-forming galaxies 



comprise 20% with the remaining galaxies having properties 
consistent with e+a signatures. The spectroscopic mix of 
galaxies is similar to previous studies of both low- (2 ~0.1) 
and high- (2 ~0.7) redshift clusters. We also derive redshifts 
for six cluster 24/im sources, two of which are passive (fc + o), 
three strongly star- forming (strong [On] , [Om] and H/3) and 
one with high excitation lines indicating an AGN. 

(v) By comparing the number of clusters in our survey 
volume with the number density of massive halos from N- 
body simulations we suggest that each of these clusters will 
have masses of order io 13 5 " 14 M . Moreover, we also 
compare the cluster abundance with predictions from giga- 
particle iV-body simulations to estimate the probability of 
finding such a structure as ~25% in the current cosmological 
paradigm. 

Whilst simulations and mock cluster catalogs provide 
extremely useful constraints on the likelihood of finding 
such a structure and crude estimates of the mass, the ul- 
timate goal of the complete DXS survey area (35 square de- 
grees) is to measure cluster abundances between 2 ~0.8-1.4. 
In order to constrain cluster abundance, a combination of 
follow-up spectroscopy and sophisticated mock catalogs will 
be required in order to accurately constrain the masses of 
the c lusters from galaxy velocity dispersions (e.gEk e~et al.l 
2006). If reliable halo masses can be derived, then for a fixed 
set of cosmological parameters (fi m , Qa), the resulting clus- 
ter abundance will reflect on as (the rms mass fluctuation 
amplitude in spheres of 8 /i -1 Mpc which measured the nor- 
malisation of the mass power spectrum). For clusters with 
mass <; 10 14 ' 5 , the cluster abundance is expected to rise by a 
factor of 6x and 20 x between <rg=0.7 and 0.8 and as = 0.7 
and 0.9 respectively. Thus, once complete, the DXS has the 
opportunity to use galaxy cluster abundances as a precision 
tool for cosmology and we look forward to undertaking this 
task in the future. 

The discovery of a supercluster in the first DXS field 
highlights the importance of the combination of depth and 
area in surveys of the 2 = 0.5-2 Universe. Surveys of one 
WFCAM field or less are unlikely to contain a structure as 
rare as a supercluster or, even if they do, will only cover 
part of it. As such, surveys of this size are still affected 
by cosmic variance, and any attempt to meas ure cosmologi- 
cal p arameters are severely compromised (e.g. iRetzlaff et al.l 
Il998fl . Only conti guous surveys of several degrees (such as 
the UKIDSS/DXS, VISTA/VIDEO and VISTA/ VIKING), 
will have sufficient area and depth coverage to identify large 
structures in statistically significant numbers whilst reliably 
accou nting for the effects of cosmic variance (see iBorganil 
120061 for a review) . 

Indeed, the implications of how cosmic variance af- 
fects the analysis of cluster surveys of relatively small vol- 
umes and/or many non-contiguous areas are subtle but in 
an era of "precision cosmology" must be considered (e.g. 
ISchuecker et al.ll200ll ). 
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Table 2: Member Galaxies 



ID R.A. Dec. I J K 3.6/i.m 4.5^m 5.8^m 24^m z Sp Type 

h I II Oil/ 



z — 0.90 Cluster Galaxies 
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90075 


-13, + 13] 


e(c) 


T^V CO "11 

JJJvo3- Iz 


16 09 01 .392 


+54 57 15.44 


22 


12 


01] 


20 


99 [03] 


19 


87(01] 


19.39 


19 


73 











90739 


— 25, +25] 


c(a) 


DXS3-13 


16 08 59.974 


+54 57 1 1 .30 


21 


54 


01] 


20 


15 [02] 


19 


06(01] 


18.39 


18 


84 


19.13 









90081 


—46, +35] 


c(c) 


V CO 1 A 

DX.OO- 14 


1 c: AO r£r lion 
16 08 oo.Ztii) 


+54 57 09.40 


22 


27 


01] 


21 


22 [04] 


20 


20(02] 


19.88 


20 


14 











90097 


— 34, +31] 


k+a 


DXS3-15 


16 09 01 .224 


+54 56 45.24 


23 


01 


02] 


21 


95(08] 


20 


88(03] 


20.61 


21 


09 











90329 


—45, +41] 


k 


DXS3-16 


16 08 59.594 


+54 56 34.01 


21 


53 


01] 


20 


18[02] 


19 


18(01] 


18.75 


19 


18 


19.53 









90628 


-10, + 11] 


k+a 


DXS3-17 


16 09 00.168 


+54 56 25.59 


21 


61 


01] 


20 


2 7 [02] 


19 


33(01] 


18.90 


19 


28 


19.30 









90896 


— 19, +21] 


k 


DXS3-18 


16 08 57.386 


+54 56 22.30 


23 


09 


02] 


22 


20[10] 


20 


84(03] 


20.37 


20 


85 











90936 


—49, +55] 


c(c) 


T^V CO 1 Cl 

jjjvo3- iy 


i c: (in ai too 
16 09 U1.72o 


+ 54 56 06.8 / 


23 


08 


02] 


22 


29(10] 


20 


71(03] 


20.28 


20 


49 











90328 


— 45, +46] 


c(a) 


DXS3-20 


16 09 03.146 


+54 55 53.91 


22 


35 


01] 


21 


21 [04] 


20 


17(02] 


19.67 


19 


96 











90581 


— 50, +49] 


e(c) 


T^V CO 


16 08 53.738 


+54 55 45.01 


23 


21 


02] 


22 


42(12] 


20 


99(03] 


20.96 


21 


52 











90524 


— 12, + 12] 


c(a) 


DXS3-23 


16 09 02.112 


+54 55 18.05 


22 


27 


01] 


21 


05 [03] 


19 


99(01] 


19.32 


19 


74 











90047 


—34, +35] 


c(c) 


DXS3-24 


16 08 56.042 


+54 55 20.25 


22 


67 


01] 


21 


49 [05] 


20 


29(02] 


20.01 


20 


32 











89286 


-40, +37] 


e(a) 


DXS4a-3 


16 13 12.792 


+5447 16.30 


21.90 


01] 


20.62[02] 


19.75(01] 


19.14 


19.45 


19.52 


17 


53 


0.88743 


-48, +39] 


k 


DXS4a-7 


16 13 05.424 


+54 46 46.35 


22.60 


01] 


21.21(04] 


20.39(02] 


20.16 


20.76 








0.88082 


-40, +34] 


k 


DXS4a-16 


16 12 55.678 


+54 45 51.26 


22.35 


01] 


20.85[03] 


20.12(02] 


19.97 


20.26 








0.88487 


-24, +21] 


k+a 


DXS4a-18 


16 12 54.482 


+54 45 11.52 


23.24 


02] 


2 1.96 [08] 


21.19(04] 














0.87986 


-71, +55] 


k 


DXS4a-21 


16 12 50.736 


+54 44 57.00 


22.08 


01] 


20.78(03] 


20.07(01] 


19.57 


19.85 


19.85 


17 


33 


0.90438 


-21, +20] 


e(c) 


DXS4a-22 


16 12 42.554 


+54 46 23.88 


22.83 


02] 


21.27(04] 


20.48(02] 


20.17 


20.61 











88396 


-50, +62] 


k+a 


DXS5-0 


16 10 32.256 


+54 59 12.77 


22 


48 


03] 


21 


13[03] 


19 


77(01] 


19.06 


19 


47 











90927 


-42, +25] 


k 


DXS5-3 


16 10 30.576 


+55 00 44.96 


22 


01 


01] 


20 


75 [02] 


20 


01(01] 


19.74 


20 


21 











90944 


-28, +28] 


k+a 


DXS5-7 


16 10 36.430 


+55 00 27.53 


21 


82 


01] 


20 


82 [02] 


20 


14(01] 


19.85 


20 


29 











90038 


-85, +59] 


k+a 


DXS5-8 


16 10 31.464 


+55 0155.38 


23 


17 


01] 


22 


65(15] 


20 


66(02] 


20.21 


20 


47 


19.76 









90946 


-25, +25] 


e(c) 


DXS5-10 


1610 40.130 


+55 00 58.61 


22 


17 


01] 


21 


10(03] 


20 


17(01] 


19.88 


20 


16 











89330 


-42, +42] 


e(c) 


DXS5-13 


16 10 42.122 


+55 0120.06 


22 


05 


01] 


20 


89 [03] 


20 


04(01] 


19.64 


20 


02 


20.22 









89137 


-10,+08] 


e(c) 


DXS5-14 


16 10 42.792 


+55 01 26.68 


22 


12 


02] 


20 


47[02] 


19 


45(00] 


19.03 


19 


41 


19.84 









89043 


-18, +23] 


e(c) 


DXS5-16 


1610 43.968 


+550136.12 


23 


34 


02] 


22 


09 [08] 


21 


09(03] 


20.74 


21 


04 











88947 


-71, +71] 


k+a 


DXS5-17 


16 10 42.840 


+55 02 07.11 


22 


19 


01] 


21 


00[03] 


20 


09(01] 


19.78 


20 


14 











89275 


-56, +56] 


e(c) 


DXS5-20 


16 10 51.624 


+55 00 48.96 


22 


68 


01] 


21 


33 [04] 


20 


64(02] 


20.54 


20 


91 











90677 


-10, + 10] 


k 


DXS5-23 


16 10 56.426 


+55 00 41.40 


22 


68 


01] 


22 


21(10] 


20 


80(02] 


20.53 


21 


01 











89174 


-61, +61] 


k+a 


DXS5-24 


16 10 56.232 


+55 0105.45 


22 


07 


02] 


21 


08 [03] 


20 


03(01] 


19.56 


19 


92 











89869 


-17, + 13] 


k 



z — 1.09 Cluster Galaxies 



DXS4b-4 


1613 07.752 


+54 47 55.60 


21.62(01] 


21.56(06] 


20.96(03] 


20.20 


20.48 


1.09347[- 


-45, +53] 


k 


DXS4b-8 


1613 03.264 


+54 46 41.16 


22.84(02] 


20.98[03] 


20.14(02] 


19.71 


19.95 


1.08570[- 


-26, +27] 


k 


DXS4b-lll 4 l 


16 13 01.680 


+54 46 09.98 


21.87(01] 


20.31(02] 


19.28(01] 


18.53 


18.74 


19.04 16.20 1.09168[- 


-07, +09] 


e(c) 


DXS4b-12 


1613 01.270 


+54 46 02.06 


23.17(02] 


2 1.04 [03] 


20.27(02] 


19.72 


19.93 


1.08921[- 


-52, +38] 


c(a) 


DXS4b-13 


16 12 58.846 


+54 46 20.00 


23.36(02] 


22.35(11] 


21.62(06] 






1.09052[- 


-5 5, +72] 


e(b) 


DXS4b-14 


1612 57.840 


+54 46 05.19 


22.22(01] 


21.19(04] 


20.32(02] 


19.63 


19.88 


1.09105[- 


-27, +26] 


k+a 


DXS4b-17 


1612 53.112 


+54 45 42.74 


23.31(02] 


21.23(04] 


20.69(03] 


20.30 


20.55 


1.09789[- 


-14, + 13] 


k+a 


DXS4b-19 


1612 50.782 


+54 45 39.14 


22.12(01] 


20.55(02] 


19.59(01] 


19.00 


19.25 


19.69 ... 1.09690[- 


-04, +09] 


c(a) 



Table 2. Note: The RA and Dec are in the J2000 co-ordinate system. The value in the [] is the error in the last decimal place and 
we note that 1/iJy corresponds to m J 4B=23.90. ll] Lenses: We have searched for any unidentified lines in the spectra to search for 
lensed background galaxies and identify one candidate from the cluster and two from the field population. DXS1-11 has unambiguous 
identification of [On]3727, CaH&K and G-band for z =0.89, but we also identify weak line emission at 8594.5 (spatial offset <0.5") 
which we tentatively identify as [On]3727 at 2=1.306. ^2] Noteworthy Objects: We note that the brightest cluster member in DXS4b at 
z =1.09 has a number of high ionisation lines such as [Ncv]3346,3426 and [Nclll]3343,3868.7. The strong 24/im detection suggests that 
this galaxy contains a highly obscured AGN, although it has a low infrared luminosity (^5xlO 11 L0 from the lack of a 70^tm detection). 



A z~0.9 Supercluster in the UKIDSS/DXS 



Table 3: Non-member Galaxies 



ID 


R.A 
h f i 




Dec. 
off/ 






I 






J 






K 




3.6^Am 


4.5/im 


5.8^m 


24nm 


z 




DXS1-0 


16 08 18 


842 


+54 33 30 


28 


22 


38 


01] 


21 


64 


06] 


21 


03 


04] 


















1.057 


DXS1-1 


16 08 20 


928 


+54 33 25 


20 


21 


75 


01] 


20 


65 


02] 


19 


95 


01] 


19 


65 


20 


14 










0.652 


DXS1-2 


16 08 15 


696 


+54 34 13 


08 


20 


43 


00] 


19 


89 


01] 


19 


05 


01] 


19 


48 


19 


53 










0.322 


DXS1-3 


16 0812 


576 


+54 34 43 


86 


23 


45 


02] 


22 


04 


09] 


20 


82 


03] 


19 


91 


19 


98 












DXS1-4 


16 08 20 


592 


+54 34 48 


72 


21 


85 


01] 


20 


81 


03] 


19 


97 


01J 


19 


81 


2(1 


46 










0.780 


DXS1-5 


16 08 17 


498 


+54 35 22 


80 


23 


51 


02] 


21 


76 


07] 


20 


43 


02] 


19 


81 


19 


77 










1.143 


DXS1-6 


16 08 15 


506 


+54 35 49 


02 


22 


28 


oil 


20 


91 


031 


19 


94 


oil 


19 


64 


19 


95 


20 


02 






1.097 


DXS1-7 


16 08 23 


470 


+54 35 05 


24 


21 


68 


01] 


20 


99 


03] 


20 


26 


02] 


20 


03 


20 


55 










0.663 


DXS1-8 


16 08 26 


426 


+54 34 52 


50 


22 


19 


01] 


21 


51 


05] 


20 


53 


02] 


20 


25 


20 


64 












DXS1-9 


16 08 16 


464 


+54 36 14 


00 


20 


81 


01] 


19 


91 


01] 


19 


12 


01] 


18 


31 


18 


60 


18 


56 


16 


19 




DXS1-10 


16 08 20 


544 


+54 35 54 


02 


22 


13 


01] 


21 


83 


07] 


20 


93 


03] 




















DXS1-14 


16 08 28 


512 


+54 35 53 


66 


22 


43 


01] 


22 


11 


09] 


21 


25 


04] 


21 


04 


21 


35 










1.030 


DXS1-15 


16 08 27 


554 


+54 36 09 


94 


21 


50 


01] 


20 


62 


02] 


19 


63 


01] 


19 


40 


19 


85 










0.799 


DXS1-16 


16 08 28 


846 


+54 36 08 


38 


23 


22 


02] 


23 


08 


22] 


21 


26 


04] 




















DXS1-17 


16 08 29 


880 


+54 36 11 


02 


22 


93 


02] 


21 


68 


06] 


20 


33 


02] 


19 


68 


19 


58 












DXS1-18 


16 08 34 


006 


+54 36 05 


54 


22 


67 


01] 


22 


51 


10] 


21 


28 


04] 


20 


98 


21 


30 










0.606 


DXS1-20 


16 08 19 


200 


+54 38 15 


11 


22 


64 


01] 


21 


52 


05] 


19 


85 


01] 


18 


85 


18 


49 


17 


98 


15 


65 


1.225 


DXS1-21 


16 08 20 


566 


+54 38 18 


06 


22 


14 


01] 


20 


62 


02] 


19 


72 


01] 


19 


20 


19 


39 










1.135 


DXS1-23 


16 08 31 


850 


+54 37 51 


16 


21 


72 


01] 


20 


61 


02] 


19 


60 


10] 


19 


29 


19 


68 












DXS1-24 


16 08 43 


104 


+54 36 41 


22 


22 


43 


01] 


21 


63 


06] 


20 


98 


03] 


20 


65 


20 


98 










1.021 


DXS2-1 


16 08 10 


752 


+54 44 21 


92 


23 


51 


03] 


21 


36 


05] 


20 


93 


03] 


20 


37 


20 


58 










1.156 


DXS2-2 


16 08 19 


680 


+54 42 41 


01 


22 


20 


01] 


20 


77 


03] 


19 


83 


01] 


19 


04 


19 


33 


19 


55 


16 


68 


1.020 


DXS2-3 


16 08 17 


930 


+54 43 48 


53 


22 


04 


01] 


20 


97 


03] 


20 


10 


02] 


19 


73 


20 


10 










0.693 


DXS2-4 


16 08 19 


152 


+54 43 57 


72 


23 


23 


02] 


22 


85 


19] 


21 


54 


06] 


21 


21 


21 


13 












DXS2-5 


16 08 21 


600 


+54 44 14 


93 


22 


17 


01] 


21 


35 


05] 


20 


31 


02] 


19 


99 


20 


49 










0.670 


DXS2-9^ 3 ] 


16 08 24 


096 


+54 45 12 


52 


21 


57 


01] 


20 


79 


03] 


20 


58 


02] 


20 


43 


21 


14 










0.674 


DXS2-14 


16 08 33 


936 


+54 44 28 


94 


22 


84 


02] 


21 


62 


06] 


20 


73 


03] 


20 


17 


20 


54 










0.763 


DXS2-16 


16 08 32 


112 


+54 45 49 


02 


23 


79 


03] 


21 


92 


081 


21 


37 


05] 


20 


83 


20 


88 










1.329 


DXS2-17 


16 08 37 


680 


+54 45 05 


46 


22 


17 


01] 


21 


47 


05] 


21 


04 


04] 


20 


98 


21 


14 










O.734 


DXS2-18 


16 08 33 


120 


+54 46 34 


10 


22 


82 


02] 


22 


10 


101 


21 


16 


04] 


















0.763 


DXS2-19 


16 08 40 


536 


+54 45 13 


79 


23 


82 


03] 


21 


40 


05] 


20 


99 


03] 


20 


56 


20 


86 












DXS2-20 


16 08 44 


088 


+54 44 44 


46 


22 


00 


01] 


20 


90 


03] 


20 


33 


02] 


20 


14 


20 


75 










0.800 


DXS2-21 


16 08 47 


498 


+54 44 13 


13 


21 


93 


01] 


20 


48 


02] 


19 


88 


01] 


19 


62 


20 


09 










0.775 


nvco 99 


ID Uo 00 




1 K A A (1 A Q 

-f-O/i 40 4y 






8., 










20 






20 


















riYQo 90 


16 08 41 




1 E A A (! OR 




22 




no 


21 


~r 




' 






' 


' 1 


20 


44 












riYQo OA 


1 « n « a n 

10 Uo 4U 




1 K A A a C7 

-+-D4 40 O I 








n 










( . 








19 


99 












DXS3-0 


16 09 08 


738 


+54 59 16 


02 


22 


92 


02] 


22 


00 


08] 


21 


17 


04] 


20 


58 


20 


72 










1.3348 


DXS3-2 


16 0916 


102 


+54 58 45 


26 


22 


11 


01] 


21 


68 


06] 


20 


73 


03] 


20 


85 


21 


58 










0.9510 


DXS3-4 


16 09 00 


648 


+54 58 31 


30 


22 


67 


01] 


21 


67 


06] 


20 


59 


03] 


20 


54 


20 


92 










0.6841 


DXS3-5 


16 09 07 


658 


+54 58 13 


54 


22 


73 


01] 


21 


90 


08] 


20 


53 


02] 


20 


05 


20 


23 










0.9342 


DXS3-6 


16 08 53 


016 


+54 58 26 


08 


21 


90 


01] 


21 


64 


06] 


20 


78 


03] 


21 


17 


21 


23 










1.3155 


DXS3-8 


16 09 00 


816 


+54 57 57 


13 


21 


26 


01] 


20 


26 


02] 


19 


50 


01] 


19 


66 


19 


92 












DXS3-9 


16 08 59 


062 


+54 57 48 


25 


23 


56 


03] 


22 


05 


09] 


21 


08 


04] 


20 


61 


21 


10 










1.2889 


DXS3-21 


16 08 51 


888 


+54 55 59 


84 


22 


49 


01] 


22 


19 


10] 


20 


68 


03] 


20 


43 


20 


33 


19 


80 






1.3910 




ID Uo Do 




+ D4 OD 1 I 






















20 


01 


19 


81 


19 


77 


17 


19 






ID UO O-L 


504 


D4 DO 


25 


22 


24 


Oil 


21 


97 


081 


21 


05 


041 




' 








' 






2999 




1 r no nn 
id uy uu 


768 


+ D4 J4 OD 


24 


23 


16 


02 


21 


66 


06 


20 


06 


01 






19 


24 


19 










DXbo-28 L ' 


ID U8 52 


704 


C A C A OO 

+ 54 54 32 


76 


21 


82 


01] 


21 


16 


04] 


20 


20 


02] 


20 


33 


20 


72 










0.6675 


DXS4-0 


16 13 15 


600 


+54 47 46 


47 


22 


90 


02] 


21 


54 


05] 


21 


15 


04] 


















O.758 


DXS4-1 


16 13 16 


128 


+54 47 29 


00 


22 


84 


02] 


20 


64 


02] 


19 


89 


01] 


19 


33 


19.43 










1.332 


DXS4-2 


16 13 13 


968 


+54 47 29 


98 


22 


29 


01] 


21 


92 


08| 


22 


02 


09] 


















0.644 


DXS4-5 


16 13 10 


200 


+54 46 59 


09 


21 


56 


oil 


20 


89 


03] 


20 


25 


02] 


20 


42 


20.41 










0.493 


DXS4-6 


16 13 00 


792 


+54 48 01 


26 


23 


46 


02] 


21 


39 


05] 


21 


11 


04] 


20 


40 


20.67 










1.309 


DXS4-9 


16 13 04 


754 


+54 45 55 


69 


23 


30 


02] 


21 


66 


06] 


20 


58 


02] 


19 


90 


19.97 












DXS4-10 


16 13 00 


792 


+54 46 33 


54 


23 


51 


02] 


21 


06 


03] 


20 


17 


02] 


19 


31 


19.39 












DXS4-15 


16 12 54 


240 


+54 46 26 


97 


21 


06 


01] 


20 


35 


02] 


19 


78 


01J 


20 


16 


20.37 










0.453 


DXS4-20 


16 12 50 


618 


+54 45 22 


54 


21 


45 


01] 


20 


57 


02] 


19 


63 


01] 


19 


66 


20.15 










0.600 


DXS4-23 


16 12 46 


586 


+54 45 18 


29 


23 


67 


02] 


21 


50 


05] 


20 


42 


02] 


19 


63 


19.51 


19 


56 








DXS4-24 


16 12 46 


802 


+54 44 56 


65 


23 


41 


02] 


21 


42 


05] 


20 


76 


03] 


20 


37 


20.37 










1.344 


DXS5-1 


1610 26 


880 


+55 00 58 


57 


22 


78 


01] 


21 


14 


03] 


20 


07 


01] 


19 


50 


19 


75 












DXS5-2 


1610 34 


776 


+54 59 22 


17 


22 


12 


01] 


21 


28 


04] 


20 


54 


02] 


20 


86 


21 


50 










0.634 


DXS5-4 


16 10 36 


098 


+54 59 35 


98 


22 


94 


06] 


22 


10 


09] 


21 


12 


03] 


















0.807 


DXS5-5 


16 10 40 


224 


+54 58 48 


64 


21 


65 


01] 


20 


76 


02] 


19 


76 


01] 


19 


60 


20 


17 










0.807 


DXS5-6 


16 10 28 


730 


+55 02 02 


54 


22 


85 


01] 


21 


31 


04] 


20 


04 


01] 


19 


62 


19 


78 












DXS5-9 


1610 32 


978 


+55 02 18 


50 


23 


46 


01] 


21 


46 


05] 


21 


17 


04] 




















DXS5-11 


16 10 45 


576 


+54 59 54 


78 


23 


67 


01] 


21 


76 


06] 


20 


79 


02] 


20 


22 


20 


15 












DXS5-12 


16 10 44 


616 


+55 00 22 


25 


23 


38 


01] 


22 


34 


11] 


21 


22 


04] 


21 


26 


21 


51 












DXS5-15 


16 10 43 


488 


+55 01 29 


56 


22 


67 


01] 


21 


27 


04] 


20 


24 


01] 


19 


32 


19 


62 


19 


92 


17 


13 




DXS5-18 


16 10 48 


432 


+55 00 57 


10 


21 


72 


01] 


20 


63 


02] 


19 


58 


00] 


19 


36 


19 


88 


19 


94 






0.713 


DXS5-21 


16 10 47 


878 


+55 02 14 


35 


23 


68 


01] 


21 


50 


05] 


21 


04 


03] 


20 


28 


20 


11 


19 


85 






1.33 


DXS5-22 


16 10 51 


240 


+55 0144 


11 


23 


81 


01] 


22 


91 


19] 


22 


46 


13] 


















1.13 


DXS5-25 


16 10 54 


744 


+55 02 09 


42 


21 


85 


01] 


21 


02 


03] 


20 


07 


01] 


19 


88 


20 


24 










0.806 


DXS5-26 


16 10 57 


770 


+55 0147 


28 


23 


47 


01] 


22 


36 


11] 


20 


70 


02] 


20 


06 


20 


01 


20 


00 








DXS5-27 


16 10 52 


512 


+55 03 20 


84 


23 


60 


02] 


22 


35 


11] 


20 


67 


02] 


20 


29 


20 


61 












DXS5-28 


16 10 59 


378 


+55 02 28 


18 


22 


86 


01] 


22 


91 


19] 


21 


20 


04] 


21 


61 


21 


72 













Table 3. Note: Lenses: ' 3 i DXS2-9 is a 2 =0.67 galaxy through identification of CaH&K, H/34861 and [Oin]4959,5007. However we al 
identify [Olll3727 and CaH&K at 8109, 8555 and 8632A respectively (spatial offset <0.5") giving a redshift of z =1.175. M DXS3-28 



